Purpose: To increase the sensitivity of 3-dimensional ‰uid-attenuated inversion recovery (3D-FLAIR) to low concentration gadolinium (Gd)-based contrast medium, we optimized sequence parameters on a phantom and evaluated the optimized sequence in patients suspicious for endolymphatic hydrops.
Introduction
Deˆnitive diagnosis of Meniere's disease requires histopathological conˆrmation but is virtually impossible in living human patients. 1 Intratympanic 2 or intravenous 3,4 administration of gadolinium (Gd)-based contrast medium using 3-dimensional ‰uid-attenuated inversion recovery (3D-FLAIR) sequence has enabled visualization of endolymphatic hydrops in patients with Meniere's disease. 3D-FLAIR is far more sensitive than T 1 -weighted imaging (T 1 WI) to faint enhancement by low concentration Gd, 5 but in some patients, Gd concentration is too low to be detected even by 3D-FLAIR. 6 Especially, contrast enhancement tends to be weaker with intravenous than intratympanic administration of Gd.
Previous studies of the inner ear utilized 3D-FLAIR using conventional turbo spin echo (TSE) sequence (3D-FLAIR-CONV) and 3D-FLAIR using variable ‰ip angle TSE sequence (3D-FLAIR-VFL) that was optimized for brain tissue. 5, 7 Better visualization of cochlear endolymphatic hydrops is reported with 3D-FLAIR-CONV than 3D-FLAIR-VFL because of image blurring and lower in-plane spatial resolution with the latter technique, 7 though 3D-FLAIR-VFL has a shorter scan time.
Even after intratympanic injection of Gd, both endolymph without Gd distribution and perilymph with Gd distribution show high signal on heavily T 2 -weighted magnetic resonance (MR) cisterno-graphy. 5, 7 The T 2 value of ‰uid with very low Gd concentration is long enough to be detected with heavily T 2 -weighted sequence. Variable ‰ip angle TSE or SPACE (sampling perfection with application optimized contrasts with diŠerent ‰ip angle evolution) sequence can be modiˆed and optimized according to the T 2 value of the tissue to be examined. 8 Previously evaluated 3D-FLAIR-VFL is also a kind of SPACE sequence that is optimized for the imaging of the brain parenchyma. 7, 9 In this study, we used phantomsˆlled with highly diluted Gd solution to optimize longer eŠective echo time SPACE with diŠerent refocusing ‰ip angle transit schedule in TSE echo train 10 for the imaging of the ‰uid with longer T 2 value. We then compared the optimized protocol (heavily T 2 -weighted 3D-FLAIR-VFL; hT 2 W-3D-FLAIR) with 3D-FLAIR-CONV in the phantom and patients.
Materials and Methods
All scans were performed on a 3-tesla MR system (Trio, a TIM system, Siemens Medical Solutions, Erlangen, Germany) using a 32-channel array head coil. 11 SPACE sequence is developed to obtain 3D volume without signiˆcant blurring even with very long echo train length under speciˆc absorption rate (SAR) limitation at 3T. 12 There are some variations in the schedule of echo train ‰ip angle transition. Because a low constant ‰ip angle in later echo has been reported useful for high resolution MR cisternography for ‰uid with longer T 2 value, 10 we used a low ‰ip angle to increase time e‹ciency and contrast of SPACE to detect ‰uid with very low Gd concentration.
Phantom study
We designed a phantom using disposable plastic 20-mL syringes (Terumo, Tokyo, Japan)ˆlled with diluted gadopentetate dimeglumine (Gd-DTPA) (Magnevist, Bayer, Osaka, Japan) and saline. The original Gd-DTPA (0.5 mmol/L solution) was diluted with saline 4000, 8000, 16000, 24000, and 32000 fold-concentrations that simulate the concentration in perilymph 24 hours after intratympanic and 4 hours after intravenous injection of Gd-DTPA. 13 We set the phantom in a large water bath to maintain its temperature near 379 C and placed syringes in the center of the coil to minimize the eŠect of inhomogeneous coil sensitivity.
In previous reports of 3D-FLAIR-CONV for visualizing endolymphatic hydrops, repetition time (TR) of 9000 ms was utilized after optimization: 7 In a phantom, we optimized 3D-FLAIR by SPACE using low constant ‰ip angle in later echo (hT 2 W-3D-FLAIR), then compared the optimized protocol with 3D-FLAIR-CONV. Weˆrst optimized TR for hT 2 W-3D-FLAIR by varying the TR from 4000 to 14000 ms at 1000-ms intervals and modifying the inversion time according to the TR to minimize the signal from saline. We measured contrast-to-noise ratio (CNR) between saline and ‰uid with diluted Gd, deˆning noise as the standard deviation (SD) of the region of interest (ROI) in saline (SD saline ). We calculated CNR by subtracting the signal intensity of saline (SI saline ) divided by SD saline from the signal intensity of the Gd-containing syringe (SI Gd ). We normalized CNR by scan time, deˆning normalized CNR (CNR norm ) as the CNR value divided by the square root of the scan time. We then optimized the echo time using the optimized repetition time and varied TE from 100 to 800 ms at 100-ms intervals. Finally, we varied the ‰ip angle of refocus pulses in the constant echo train state from 609to 1809degrees at 309incre-ments. We then compared the CNR norm of the optimized hT 2 W-3D-FLAIR and 3D-FLAIR-CONV.
Patient study
We evaluated 9 patients (3 men, 6 women; aged 29 to 82 years, average 51.2 years) suspicious for endolymphatic hydrops, all of whom had an estimated glomerularˆltration rate (eGFR) value exceeding 60 mL/min/1.73 m 2 . Eight patients received double-dose (0.4 mL/kg body weight or 0.2 mmol/kg body weight) intravenous administration of Gadoteridol (Gd-HP-DO3A) (ProHance, Eisai, Tokyo, Japan). Although her eGFR level was above 60, theˆnal patient, an 82-year-old woman, received single-dose contrast (0.2 mL/kg or 0.1 mmol/kg) because of her age. All patients underwent scanning 4 hours after contrast injection.
The medical ethics committee of our institution approved this study, and we obtained written informed consent from all patients.
MR imaging protocol for patients
For anatomical reference of total ‰uid space of the labyrinth and cistern, we obtained heavily T 2 -weighted fast recovery 3D TSE images 16, 17 by MR cisternography using parameters: TR, 1500 ms; TE, 134 ms; ‰ip angle, 1809(constant) for the conventional TSE refocusing echo train; echo train length, 23 with restore magnetization pulse at the end of the echo train (fast recovery pulse); matrix size, 384×384; 12 axial, 2-mm-thick slices covering the labyrinth; 16 cm×16 cm FOV; GRAPPA technique; acceleration factor, 2; 15 NEX, 1; and scan time, 2.5 min. 3D-FLAIR-CONV was obtained as described above. Spatial resolution was the same for MR cisternography and 3D-FLAIR CONV.
We also obtained optimized hT 2 W-3D-FLAIR, using parameters: TR, 9000 ms; TE, 540 ms; TI, 2400 ms; 1809initial refocusing ‰ip angle, rapidly decreased to 1209constant ‰ip angle for the TSE refocusing echo train in SPACE sequence; echo train length, 144; matrix size, 320×270; and 72 axial, 0.8-mm-thick slices covering the labyrinth with an 18×15-cm FOV, acquired using GRAPPA technique with acceleration factor of 2. 15 We optimized the hT 2 W-3D-FLAIR protocol for patient study to be the practical protocol in terms of voxel size and scan time. Voxel size of the proposed protocol was 0.56×0.56×0.8 mm, a smaller volume than previously reported for 3D-FLAIR-VFL and 3D-FLAIR-CONV. 3D-FLAIR-VFL was inferior to 3D-FLAIR-CONV in detecting endolymphatic space in the cochlea, where endolymphatic space is usually smaller than in the vestibule. 7 We speculated that the lower visibility of cochlear endolymph using 3D-FLAIR-VFL resulted from blurring and lower in-plane resolution. The in-plane resolution of the protocol for hT 2 W-3D-FLAIR was made higher than that for 3D-FLAIR-VFL. The number of excitations was 4, and the scan time was 10.7 min, longer than the 5.5 min previously reported for 3D-FLAIR-VFL and shorter than the 15 min reported for 3D-FLAIR-CONV.
Image analysis of patient data
We performed quantitative and qualitative analysis of 18 ears in 9 patients as stated below. Image review did not take into account the degree of endolymphatic hydrops.
Quantitative analysis
To measure the signal intensity of the perilymph (SI peri ), we set a circular ROI one mm in diameter in the basal turn of the cochlea (Fig. 1a,b) , and for the signal intensity of the endolymph (SI endo ), we set a circular ROI one mm in diameter in the posterior ampullar endolymph (Fig. 1c,d) , where the endolymphatic space is most consistently recognized even in subjects without endolymphatic hydrops.
Even in cases in which perilymph enhancement is not so intense, endolymph position is easily surmised from the position of the posterior ampulla on heavily T 2 -weighted MR cisternography.
Noise was deˆned as the standard deviation of the ROI in the artifact-free air area (SD noise ) near the ipsilateral external ear. The ROI diameter for noise was 5 mm. CNR was deˆned as SI peri minus SI endo divided by SD noise . We then compared CNR values of 3D-FLAIR-CONV and hT 2 W-3D-FLAIR.
Qualitative analysis
Two radiologists with 10 and 20 years' experience independently reviewed the images and scored the separation of endo-and perilymph on 3D-FLAIR-CONV and hT 2 W-3D-FLAIR in diŠerent sessions. The interval between reading sessions for 3D-FLAIR-CONV and hT 2 W-3D-FLAIR was more than 2 weeks. In 5 cases, 3D-FLAIR-CONV was reviewed in theˆrst session and hT 2 W-3D-FLAIR in the second, and vice versa in the other cases. Images were reviewed on a 20-inch liquid crystal display (LCD) monitor using picture archiving and communications (PACS) system software (Rapideye, Toshiba, Tokyo, Japan). Interobserver agreement was tested with kappa (k) statistics. Results were interpreted as poor, less than 0.20; fair, 0.21 to 0.40; moderate, 0.41 to 0.40; good, 0.61 to 0.80; or excellent, 0.81 to 1.00.
Scores for the separate visualization of endolymph were: 1, impossible to recognize; 2, some can be recognized; 3, most can be recognized; and 4, all can be recognized. These scores were evaluated for both the cochlea and vestibule. Finally, discrepancies between the two were resolved by consensus.
Statistical analysis
In qualitative analysis, we used Wilcoxon-signed rank test to compare scores for separation of endoand perilymph space by 2 pulse sequences.
In quantitative analysis, we used paired Student's t-test to compare mean CNR values between endoand perilymph by 2 sequences. Pº0.05 was considered statistically signiˆcant.
Results

Phantom study
Optimization of repetition time. Because CNR norm results for all concentrations of Gd showed maximum values at TR of 9000 ms (Fig. 2) , we used that TR for further evaluation.
Optimization of echo time. The CNR norm results for 1/8000, 1/16000, 1/24000, and 1/32000 of Gd showed high plateaus at TE of 500 and 700 ms, but the CNR norm of 1/4000 dropped at 700 ms. Thus, we determined optimal TE to be between 500 and 600 ms. In patients, we set the TE at 540 ms because of scanner constraints in spatial resolution for patient scanning.
Optimization of ‰ip angle in later part of echo train. For CNR norm of 1/24000 and 1/32000, 1209 ‰ip angle showed maximum values. For other concentrations, CNR almost plateaued between 909 and 1209 . Therefore, we employed a ‰ip angle of 1209 .
Comparison of CNR norm between optimized hT 2 W-3D-FLAIR and 3D-FLAIR-CONV. The value of the CNR norm of optimized hT 2 W-3D-FLAIR was 2.9 times higher than that of 3D-FLAIR-CONV at a concentration of 1/4000, 2.5 times higher at 1/8000, 2.7 higher times at 1/16000, 2.8 times higher at 1/24000, and 2.9 times higher at 1/32000.
Patient study
Qualitative analysis. Kappa values evaluating interobserver agreement for cochlear endolymph recognition were 0.34 (fair) for 3D-FLAIR-CONV and 0.833 (excellent) for hT 2 W-3D-FLAIR. Those for the vestibule were 0.823 (excellent) for 3D-FLAIR-CONV and 0.903 (excellent) for hT 2 W-3D-FLAIR.
Mean scores after consensus for the recognition of cochlear endolymph were 1.67±0.69 for 3D-FLAIR-CONV and 2.67±0.84 for hT 2 W-3D-FLAIR (Pº0.01) (Fig. 3) . Those for the recognition of vestibular endolymph were 2.17±0.79 for 3D-FLAIR-CONV and 3.39±0.70 for hT 2 W-3D-FLAIR (Pº0.01) (Fig. 4) .
For the recognition of endolymphatic space in the cochlea, only one of 18 ears scored 1 on hT 2 W-3D-FLAIR, but eight of 18 ears scored 1 on 3D-FLAIR-CONV. For the recognition of endolymphatic space in the vestibule, no ear scored 1 on hT 2 W-3D-FLAIR, and three of 18 ears scored 1 on 3D-FLAIR-CONV (Table) .
Quantitative analysis. The mean CNR between perilymph and endolymph was 23.1±11.5 for 3D-FLAIR-CONV and 59.2±26.9 for hT 2 W-3D-FLAIR (mean±SD) ( Pº0.01). The mean CNR of hT 2 W-3D-FLAIR was 2.56 times higher than that of 3D-FLAIR-CONV. When the CNR is normalized by scan time, this ratio goes up to 3.02 because the scan time of hT 2 W-3D-FLAIR is shorter.
Discussion
In the phantom study, we placed syringes in the center of the coil to use a relatively homogeneous area, but we may not have entirely eliminated the eŠect of the inhomogeneity of coil sensitivity on signal measurements. More precise values might have been averaged from multiple measurements with rotation of the syringes between measurements.
Our results suggested that visualization of the endolymphatic space by intravenous Gd administra- Fig. 4 . An 82-year-old woman suspicious for endolymphatic hydrops who received single-dose intravenous administration of gadolinium (Gd) because of her age, although her renal function was normal. a) Magnetic resonance (MR) cisternography at the level of the lateral semicircular canal shows simultaneous high signal of both endo-and perilymph. b) On 3-dimensional ‰uid-attenuated inversion recovery using conventional turbo spin echo sequence (3D-FLAIR-CONV), enhancement of perilymph is so slight that recognition of endolymph in the vestibule is di‹cult (arrows, score 1 for vestibule). c) Heavily T 2 -weighted (hT 2 W)-3D-FLAIR shows moderate enhancement of the perilymph, which enables recognition of endolymphatic space in the vestibule (arrows, score 3 for vestibule). In the patient receiving single-dose intravenous Gd administration, endolymphatic hydrops could be visualized only on hT 2 W-3D-FLAIR. If visualization by single-dose intravenous Gd injection is possible, this procedure might be included more easily in routine examination. In 13z of cases of intratympanic injection, Gd distribution is insu‹cient to assess by 3D-FLAIR-CONV. 6 In such cases, even for intratympanic injection, hT 2 W-3D-FLAIR might be helpful.
In patients with sudden deafness, who have increased permeability of the blood-labyrinthine barrier, 18 we successfully visualized the vestibular endolymphatic space using single-dose intravenous administration of Gd with 3D-FLAIR-CONV. 3 However, for patients with normal blood-labyrinthine barrier permeability, such as most with Meniere's disease, even double-dose Gd is sometimes not enough. They require pulse sequence with higher sensitivity to lower concentration of Gd contrast. In the present study, the contralateral ear in unilateral disease can be estimated as the normal ear, and even in such normal ears, hT 2 W-3D-FLAIR could separately visualize the endolymph space. Further study is necessary to determine if the newly optimized hT 2 W-3D-FLAIR could readily allow visualization of endolymphatic space in patients with intact blood-labyrinthine barrier permeability after single-dose Gd administration.
Limitations of our study
Lack of gold standard for endolymphatic hydrops. No imaging method had successfully demonstrated endolymphatic hydrops until the recent use of MR imaging. Our results show that hT 2 W-3D-FLAIR is better than 3D-FLAIR-CONV for visualizing the separation of endo-and perilymph space. Although our study has no concrete standard of reference, we visualized endolymphatic space in an anatomically reasonable position on hT 2 W-3D-FLAIR. To increase conˆdence that the visualized structures are surely endolymphatic space, it is necessary to correlate the degree of endolymphatic hydrops visualized on MR images after intravenous Gd administration with patient symptoms and results of various otological tests in a larger population. Such studies have been done for intratympanic Gd administration. [19] [20] [21] [22] CNR measurement method. Setting the ROI for noise in the air has been reported to result in inaccurate calculations of signal-to-noise ratio when applied to images obtained with parallel imaging. 23, 24 In such images, noise is not uniformly distributed through theˆeld of view. Furthermore, correction of signal intensity for images obtained with multi-channel receiver coil results in inaccurate SD noise value. We employed ROI in the air to measure noise because: (1) unlike a saline phantom, no structure or tissue in living human subjects has perfectly uniform signal intensity for SD noise measurement; (2) a method subtracting 2 serially obtained image data can be used to measure noise but is impractical for clinical study because of long acquisition time and misregistration from patient motion; and (3) the constant geometrical position of noise measurement reduces the systematic error of CNR calculations when comparing CNR values between 2 protocols. Furthermore, because the g-factor of a 32-channel array coil for the acceleration factor of 2 in GRAPPA technique is almost 1, error induced by parallel imaging reconstruction would be quite small. 25 Measurement of endo-and perilymph signal using a small ROI. We set the diameters of ROIs for endolymph and perilymph as small as 1 mm to measure small structures, and measurements of small structures in small ROIs tend to be inaccurate as a result of partial volume averaging eŠect and noise eŠect. However, the mean CNR norm ratio of hT 2 W-3D-FLAIR between peri-and endolymph was 3.02 times higher than that of 3D-FLAIR-CONV. Because this value is similar to the values obtained in the phantom study, we believe that the results of the ROI measurement of endo-and perilymph signal had practical value.
Conclusions
A newly optimized hT 2 W-3D-FLAIR sequence was more sensitive than 3D-FLAIR-CONV to low concentrations of Gd and enabled visualization of endolymphatic space with double-dose intravenous administration of Gd in most cases with Meniere's disease.
